ABSTRACT: Although nutrient inputs are the most commonly cited cause of brown tide blooms of Aureococcus anophagefferens on Long Island, New York, there is no consensus as to which nutrient(s) stimulates A. anophagefferens growth in the field. To evaluate the ability of dissolved organic carbon (DOC as glucose), dissolved organic nitrogen (DON as urea), nitrate, phosphate and iron to enhance A. anophagefferens growth during blooms, 10 nutrient enrichment experiments were conducted over the course of a brown-tide bloom during May, June and July of 1998 in West Neck Bay (WNB), Long Island, USA, using whole bay water. During the experiments, A. anophagefferens densities ranged from 1 × 10 4 to 5 × 10 5 cells ml -1
INTRODUCTION
For over 15 yr, brown tide blooms of the pelagophyte Aureococcus anophagefferens have occurred in multiple estuaries across the Northwest Atlantic coast (Bricelj & Lonsdale 1997) . Annual recurrence of brown tides on Long Island have led to the collapse of the scallop fishery (Argopecten irradians irradians; Bricelj & Kuenstner 1989) , and have decimated eelgrass beds . While multiple factors have been implicated as potential bloom initiators (reviewed by Bricelj & Lonsdale 1997) , nutrients have been most frequently cited (Cosper et al. 1987 , 1989 , 1993 , Dzurica et al. 1989 , Keller & Rice 1989 , Smayda & Villareal 1989 , Milligan 1992 , Nixon et al. 1994 , Gobler & Cosper 1996 , Berg et al. 1997 , LaRoche et al. 1997 , Breuer et al. 1999 . To date, a consensus as to which nutrient(s) control A. anophagefferens growth in the field does not exist, as inorganic nitrogen (Nixon et al. 1994 , LaRoche et al. 1997 , dissolved organic carbon (DOC) (Dzurica et al. 1989 , Milligan & Cosper 1997 , Breuer et al. 1999 , dissolved organic nitrogen (DON) (Dzurica et al. 1989 , Berg et al. 1997 , LaRoche et al. 1997 , urea (Dzurica et al. 1989 , Berg et al. 1997 ) and iron (Milligan 1992 , Cosper et al. 1993 , Gobler & Cosper 1996 have all been hypothesized to influence initiation of brown tides.
Aureococcus anophagefferens is capable of efficiently taking up several organic nitrogen compounds in laboratory cultures (Dzurica et al. 1989 ) and during bloom events (Berg et al. 1997 ). In the Peconic Estuary of Long Island, brown tides commonly occur in drought years when inputs of nitrate-rich groundwater are greatly reduced (LaRoche et al. 1997) . Thus, it has been suggested that brown tides are largely controlled by the balance of organic and inorganic nutrients, with DON levels that are elevated relative to those of inorganic nitrogen favoring bloom initiation (LaRoche et al. 1997) . Iron may also be an important nutritional factor for the growth of A. anophagefferens based on (1) multiple laboratory investigations which have indicated that A. anophagefferens cultures grow maximally with high Fe levels (Cosper et al. 1993 , Benmayor 1996 , Gobler & Cosper 1996 , and (2) natural and manipulated Fe additions which have stimulated growth of A. anophagefferens field populations (Milligan 1992 , Cosper et al. 1993 , Gobler & Cosper 1996 . Additionally, other laboratory research also suggests that A. anophagefferens may utilize DOC to supplement its cellular carbon requirements (Dzurica et al. 1989) , particularly during the lower light conditions that can persist during blooms (Milligan & Cosper 1997) .
Interactions between heterotrophic bacteria and Aureococcus anophagefferens could play an important role in brown tide occurrence. Since bacteria, like the brown tide, can obtain most of their cellular N from organic forms (Billen 1984 , Wheeler & Kirchman 1986 , Kirchman et al. 1994 , it is possible that A. anophagefferens competes with bacteria for N-sources and/or organic C during bloom events. The limited number of protozoans known to consume A. anophagefferens (Caron et al. 1989 , Mehran 1996 , also efficiently graze heterotrophic bacteria (Sherr et al. 1986 . While both top-down and bottom-up controls on bacterial and A. anophagefferens populations may be similar, their dynamics during brown tide events have not been investigated.
The purpose of this study was to evaluate the capability of several nutrients to enhance the growth of Aureococcus anophagefferens during a 1998 twomonth brown tide bloom in a Long Island embayment, West Neck Bay (WNB). Field experiments were conducted over the course of the bloom using additions of nutrients which have been hypothesized to stimulate or repress brown tide events, including inorganic and organic nitrogen, organic carbon, iron and phosphate. Simultaneous measurement of organic (DOC, urea) , inorganic (nitrate, ammonium, phosphate) and trace metal (Fe) nutrients in the water column of WNB allowed us to evaluate growth responses in the light of ambient conditions. The results indicated that the nutrients stimulating the growth of A. anophagefferens changed over the course of the bloom and that these nutrients often simultaneously augmented the growth of heterotrophic bacteria. In contrast to these populations, the growth of non-A. anophagefferens phytoplankton was consistently enhanced by N (urea and nitrate) additions.
METHODS
Ten experiments were conducted during May (31), June (4, 8, 12, 22, 26) and July (3, 8, 14, 21 ) of 1998 at West Neck Bay (WNB). WNB is a small, shallow (~4 m), enclosed embayment on Shelter Island within the Peconic Estuary of Long Island (Fig. 1) . WNB is of particular interest to brown tide research, since blooms are common to this embayment, even when they may be absent in the neighboring Peconic Estuary (Bricelj & Lonsdale 1997) . Seawater from WNB was collected in a triplicate 4 l fluorinated HDPE bottle at a depth of 0.5 m using trace-metal-clean protocols (Flegal et al. 1991 , Sañudo-Wilhelmy et al. 1996 and was kept cool (<10°C) and dark after collection. Within 2 h of collection, 50 ml of seawater was transferred to trace-metalclean 60 ml polycarbonate flasks in a HEPA laminar flow hood to prevent trace metal and bacterial contamination. Triplicate flasks were amended with sodium nitrate (10 µM), urea (5 µM = 10 µM N), sodium phosphate (0.62 µM), iron sulfate (1 µM), or glucose (17 µM = 100 µM C), or were left unamended as a control treatment. The concentrations of these additions were similar to previously observed changes in these nutrients in the water column of WNB during brown tides (Gobler 1999 ). Furthermore, additions followed Redfield proportions with regard to N and P (16:1) . Both Nadditions and controls were used in every experiment, whereas glucose was used in all experiments after 8 June. Iron was a treatment in all experiments except for 8 and 12 June, and phosphate was not added during the 8, 12 or 22 June, or 8 and 14 July experiments. All nutrient stocks were cleaned of trace metals with Chelex-100 ion exchange resin (Bruland 1980) , filtersterilized (0.2 µm), and frozen before use. The single exception to this procedure was iron sulfate, which was made fresh for each experiment with trace-metalclean, filtered (0.2 µm) seawater. Ambient levels of silicate in the WNB water column ranging from 35 to 60 µM during the course of our experiments assured silicate-replete conditions for diatoms.
Amended samples were incubated in polycarbonate flasks at the same temperature found in WNB during water collection under 125 µE m -2 s -1 of light on a light:dark cycle which mimicked summer conditions on Long Island (14 h:10 h). The average incoming solar radiation during daylight hours (06:00 to 20:00 h) to Long Island during June and July 1998 was 2140 µE m -2 s -1 (V. Cassella, Brookhaven National Lab, pers. comm.), and the average extinction coefficient in the WNB water column during the experiments was 2.26 (Gobler 1999) . Therefore, the 125 µE m -2 s -1 used in our experiments was equivalent to the light levels found at 1.4 m in the water column of WNB during this period, or ~4% of incident radiation. After 48 h, samples from each flask were filtered for chlorophyll a (chl a) onto GF/F glassfiber filters. In addition, aliquots from each flask were preserved to a final concentration of 1% glutaraldehyde in sterile polycarbonate test tubes for cell counts, using a 10% stock solution made from 0.2 µm filtered WNB seawater.
Particulate organic carbon (POC) and chl a samples were collected at time, t, t = 0 on precombusted GF/F glass-fiber filters, and stored frozen. DOC and nutrient samples were collected in the field using acid-cleaned, polypropylene capsule filters (0.2 µm; MSI Inc., Westborough, MA, USA) and were immediately stored on ice. Within 2 h of collection, DOC samples were acidified with quartz-distilled nitric acid and frozen along with DON and nutrient samples. DOC samples were analyzed in duplicate by high-temperature catalytic oxidation using a Shimadzu TOC-5000 total organic carbon analyzer (Sugimura & Suzuki 1988 , Benner & Strom 1993 . Duplicate POC samples were dried at 60°C and then measured on a Carlo Erba NA 1500 NCS system (Sharp 1974) . Chl a was analyzed by standard fluorometeric methods (Parsons et al. 1984) . Standard spectrophotometric methods were used to analyze nitrate (Jones 1984) , urea (Newell et al. 1967) , ammonium, phosphate and silicate (Parsons et al. 1984) . One or 10 cm cell path lengths were employed during spectrophotometric nutrient analysis, depending on ambient concentrations. Measurements of J. Sharp's (University of Delaware) intercalibration DOC samples were within 5% of the consensus value. Measurements of NIST 16326 standard reference material for POC were within 8% of certified values. Recoveries (mean ± 1 SD) of SPEX Certi-Prep INC (Metuchen, NJ, USA) inorganic nutrient standard-reference material were 104 ± 5% for nitrate, 96 ± 6% for ammonium and 103 ± 5% for phosphate. Precombustion of glassware and GFF filters provided adequately low blanks for DOC and POC/PON (<10% of lowest sample).
Sampling material for collection of dissolved Fe samples from WNB was prepared using trace-metal-clean techniques (Flegal et al. 1991 , Sañudo-Wilhelmy et al. 1996 . Dissolved Fe samples were collected with a peristaltic pump through Teflon tubing and trace-metalclean, polypropylene capsule filters (0.2 µm) (Flegal et al. 1991 , Sañudo-Wilhelmy et al. 1996 . Tubing was extended on a bamboo pole 4 m upwind and lowered to a depth of 1 m. In a class-100 trace-metal-clean facility, samples were acidified, and pre-concentrated by organic solvent extraction using ammonium 1-pyrrolidinedithiocarbamate/diethylammonium diethyldithiocarbamate (APDC/DDDC) as described by Bruland et al. (1985) . Fe concentrates were analyzed on a Hitachi Zeeman-8100 graphite furnace, atomic-absorption spectrophotometer (GFAAS) employing standard addition techniques. Our methods yielded a relative standard deviation (RSD) of 9% and a detection limit (3 × standard deviation of the average blank value) of 32 pM for the analysis of dissolved Fe.
Aureococcus anophagefferens and bacterial densities in preserved samples were determined by directcount methods employing fluorochromes and an epi- A. anophagefferens cells were enumerated by staining cells which were gently filtered (< 5 kPa) onto a 0.8 µm black polycarbonate filter with an immunofluorescent label, as described by Anderson et al. (1989) . A minimum of 100 cells were counted per sample in at least 25 fields to yield a relative standard deviation of 7% for replicate counts of the same sample (n = 10) at cell densities of 1 × 10 5 cells ml -1 , approximating average densities during experiments. To ensure accurate results, the immunofluorescent technique was compared to counts performed with a hemacytometer on a light microscope. The 2 techniques yielded statistically identical results using A. anophagefferens cultures isolated from WNB (Mehran 1996 , Culture CCMP 1708 and Great South Bay, Long Island (Cosper 1987 , Culture CCMP 1784 , at cell densities of 1 × 10 5 cells ml -1 . Bacteria were enumerated according to Porter & Feig (1980) using the fluorochrome 4', 6-di-amidinophenyl-indole (DAPI). Small-volume subsamples (0.5 to 1 ml) were incubated with 0.02 mg DAPI ml -1 for 10 min, then were gently filtered (< 5 kPa) onto 0.2 µm black polycarbonate filters within 24 h of preserving the samples. Filters were stored dark and frozen until counted. A minimum of 200 cells were counted per sample in at least 10 fields to yield a relative standard deviation of 8% for replicate counts of the same sample (n = 10) at cell densities of 3 × 10 6 cells ml -1
, approximating average densities during experiments. Blank counts using 0.2 µm-filtered seawater were prepared in a manner identical to samples, and were always <1% of sample densities. Examination of each field of DAPI-stained samples under blue and green light excitation ensured that autotrophic picoplankton were not counted as heterotrophic bacteria.
The amount of chl a due to the presence of brown tide in each sample was estimated by assuming a constant chl a per cell value for Aureococcus anophagefferens (0.035 ± 0.003 pg cell -1 for nutrient-replete cultures; Gobler 1995) and multiplying this value by the A. anophagefferens density. Levels of chl a from nonbrown-tide phytoplankton (NBTP) were calculated as the difference between total chl a and chl a due to A. anophagefferens. Although such calculations could be biased by variability in cellular chlorophyll concentrations arising from changes in light and nutrient levels during experiments, such approximations have been used successfully in the past to compare A. anophagefferens biomass to that of the total algal community (Gobler 1999 , Schaffner 1999 . Net specific growth rates of A. anophagefferens, the non-A.anophagefferens phytoplankton community, and heterotrophic bacteria during the incubations were determined in doublings per day according to Guillard (1973) .
The relative abundance of Aureococcus anophagefferens was calculated as a percentage of total phytoplankton biomass ([A. anophagefferens chl a/total chl a] × 100). Simultaneous consideration of changes in brown tide and NBTP biomass during our experiments demonstrated which nutrient additions enhanced the relative abundance of A. anophagefferens within the phytoplankton community. NBTP and A. anophagefferens biomass was converted to C using a C:chl a (g C g chl a -1 ) ratio of 99 (average at WNB during experiments; Gobler 1999), whereas a C content of 20 fg cell -1 was used as a conversion for bacteria (Lee & Fuhrman 1987) . Using these conversions, the summed C content of NBTP, A. anophagefferens and bacterial populations was 109 ± 12% (mean ± 1 SD) of ambient measured POC levels.
RESULTS

Brown tide, NBTP, and heterotrophic bacterial dynamics at WNB
During experiments, Aureococcus anophagefferens densities ranged from 1 × 10 4 to 5 × 10 5 cells ml -1 (0.5 to 17 µg l , and heterotrophic bacterial densities varied between 2.3 and 8.9 × 10 6 cells ml -1
( Fig. 2A ). During the first 3 experiments (31 May, 4 and 8 June), non-A. anophagefferens phytoplankton comprised ~95% of total POC, while bacteria and the brown tide each represented 2 to 4% of C biomass ( Fig. 2B ). Beginning on 12 June, brown tide biomass began to increase until it reached a maximum on 3 July, when it represented > 85% of total POC. Over the same period (12 June to 3 July), NBTP C decreased to a low of 11% of POC, while bacteria comprised about 5% of the POC during this period. During the final 3 experiments (8, 14, 21 July), NBTP returned to dominance, comprising around 66% of C biomass, while Aureococcus decreased to ~25% of POC, and the bacterial portion increased to 10% by 21 July. Size-fractionated chl a measurements and epifluorescent microscopic observations indicated dominance by small, autotrophic flagellates among the NBTP throughout our experiments; 90% of the total chl a was < 5 µm (Gobler 1999) .
Dissolved nutrient concentrations in WNB
The dissolved nutrient regime at WNB changed markedly over the course of our experiments. During late May and June of 1998, water-column nitrate levels were elevated (average = 7 µM; Fig. 3A ). DOC levels were relatively low during this initial period, ranging from 230 to 260 µM, excluding 31 May, when levels were notably higher (298 µM; Fig. 3A ). In July, nitrate levels in WNB significantly decreased (average = 0.27 µM) from those in June, while DOC concentrations increased to over 310 µM by 21 July (Fig. 3A) . Concentrations of ammonium and urea were relatively low (< 0.5 µM) over the course of the experiments (Fig. 3B ). Dissolved phosphate increased from < 0.1 µM in early June to > 0.85 µM in late July. Dissolved Fe levels varied from > 500 nM on 31 May, to < 50 nM in early July, and were generally higher during the May and June experiments (average = 213 nM) than during the July experiments (average = 109 nM; Fig. 3C ).
Based on the dynamics of brown tide cell-densities, nitrate levels and DOC concentrations in WNB in 1998, we have grouped our 10 experiments into 3 categories: (1) Pre-brown tide bloom-maximum with elevated nitrate and lower DOC = 31 May, 4, 8, 12, 22 June; during these experiments Aureococcus anophagefferens represented a small, but increasing fraction of C biomass (2 to 20%) at WNB (Fig. 2B) . (2) Brown tide bloom-maximum with transitional nitrate and DOC = 26 June and 3 July; during these experiments A. anophagefferens rose to its peak densities (33 and 85% of C; Fig. 2B ). (3) Post-brown tide bloom-maximum, low nitrate and elevated DOC = 8, 14, 21 July; during these experiments A. anophagefferens remained at moderate densities, and was approximately 20% of C biomass (Fig. 2B ).
Pre-brown tide bloom-maximum experiments: elevated nitrate, low DOC
During the first 2 pre-bloom-maximum experiments (31 May, 4 June), nutrient additions (nitrate, urea, iron, phosphate) did not change bacterial or Aureococcus anophagefferens net growth rates compared to control treatments (Fig. 4A,B) , with the exception of the urea addition on 4 June which resulted in a significant decrease in the growth of A. anophagefferens ( Fig. 4B; Dissolved Fe measurements were not replicated additions (Fig. 4; p < 0.05, . The single exception to this was the 31 May experiment, when nitrate, but not urea, augmented NBTP growth above that of controls (Fig. 4A ). While nitrate also increased NBTP growth significantly more than urea in the next 3 experiments (4, 8, 12 June) ( Fig. 4A-D ; p < 0.05, t-test), there was no difference in the NBTP response to the 2 types of N-additions in the 22 June experiment (Fig. 4E) . The relative abundance of Aureococcus anophagefferens increased from 4 to > 20% of algal biomass during pre-bloom-maximum experiments (dashed lines in Fig. 5 ). Since N-additions increased NBTP biomass and had no effect on brown tide densities, these additions significantly decreased the relative abundance of A. anophagefferens among the phytoplankton community compared to controls during pre-bloom peak experiments (p < 0.05, t-test). However, glucose additions significantly increased the relative abundance of brown tide during these experiments (p < 0.05, t-test), due to both A. anophagefferens growth enhancement (8, 12, 22 and June; Fig. 4C -E) and repression of NBTP growth (8 June; Fig. 4C ; p < 0.05, t-test).
Brown tide-maximum experiments: transitional nitrate and DOC
During bloom-maximum experiments (26 June and 3 July), nitrate, urea and glucose all significantly enhanced brown tide net growth rates above control treatments (Fig. 6; p < 0.05, . Bacterial growth was significantly augmented above controls by glucose and urea in these experiments (Fig. 6; p < 0.05, . NBTP growth was significantly enhanced over unamended controls by both types of N in these ex- 
-test).
At the peak of the brown tide bloom, Aureococcus anophagefferens accounted for 30 and 85% of total algal biomass on 26 June and 3 July, respectively (Fig. 7) . Glucose additions significantly repressed NBTP growth compared to controls in both bloom maximum experiments which, along with A. anophagefferens growth augmentation, contributed to a significant increase in brown tide abundance among phytoplankton above controls (Fig. 7; p < 0.05, . The repression of NBTP growth by the Fe addition compared to controls on 26 June (Fig. 6A ) also led to a significant increase in brown tide abundance in this treatment compared to unamended controls ( Fig. 7A ; p < 0.05, t-test).
Post-brown tide bloom-maximum experiments: low nitrate, elevated DOC
During the post-bloom-maximum period (8, 14, 21 July), the response of Aureococcus anophagefferens to nutrient additions was more similar to that of the NBTP than bacteria (Fig. 8) . Nitrate and urea magnified the net growth of NBTP above unamended control treatments during all 3 experiments (Fig. 8. ; p < 0.05, t-test) . While this was also the case for the brown tide during the 8 and 14 July experiments (Fig. 8A,B ; p < 0.05, t-test), A. anophagefferens experienced rapid negative net growth rates in all treatments of the 21 July experiment (Fig. 8C) . Glucose significantly augmented bacterial net growth rates above controls during only the 8 July experiment ( Fig. 8A; p < 0. 
05, t-test).
The brown tide represented approximately 18 to 30% of algal biomass at t = 0 of post-bloom-maximum experiments (dashed lines in Fig. 9) . In a manner similar to the pre-bloom-maximum and bloom-maximum periods, glucose additions during this period significantly decreased NBTP growth rates compared to controls ( Fig. 8A,B ; p < 0.05, t-test), and thus magnified the relative abundance of Aureococcus anophagefferens in the 8 and 14 July experiments above controls ( Fig. 9A,B ; p < 0.05, t-test). While Fe significantly decreased NBTP growth rates in the 14 July experiment ( Fig. 8B ; p < 0.05, t-test) the relative abundance of A. anophagefferens was not significantly altered. Finally, larger brown tide growth rates relative to those of NBTP in the urea treatment of the 14 July experiment led to a significant increase in the relative abundance of brown tide compared to controls ( Fig. 9B ; p < 0.05, t-test). 
DISCUSSION
These experiments demonstrate that the nutrients capable of stimulating brown tide growth can vary in response to ambient nutrient levels (Figs. 3, 4, 6 & 8) . During pre-bloom-maximum experiments in which Aureococcus anophagefferens growth was unaffected by N-additions (31 May, 4, 8, 12, 22 June; Fig. 4 ), ambient nitrate levels in WNB were elevated (average = 7 µM; Fig. 3A ). When nitrate in the water column of WNB dropped below 0.5 µM (Fig. 3A) , N-additions stimulated the growth of the brown tide (3, 8, 14 July; Figs. 6B & 8A,B) . The 26 June experiment was the single exception to this pattern. A similar but less distinct trend was observed between ambient DOC concentrations in the water column of WNB and the response of A. anophagefferens to glucose additions. Mean DOC levels found during experiments in which glucose augmented A. anophagefferens growth 3A, 4 & 6) were lower than DOC concentrations in experiments when glucose had no effect (288 µM, 8 to 21 July; Figs. 3A & 8) . However, the unknown lability of the bulk DOC pool makes comparisons of absolute DOC levels difficult to establish (Amon & Benner 1994) .
These experiments also indicate that the nutrient augmenting Aureococcus anophagefferens growth rates can differ from that affecting the total phytoplankton community, but may be more similar to that of heterotrophic bacteria. During pre-bloom-peak experiments (31 May to 22 June), N-additions enhanced NBTP growth rates, but had no effect on bacteria or A. anophagefferens (Fig. 4) . During this same period, and extending into early July (8 June to 3 July), glucose additions stimulated both brown tide and bac- teria growth, but yielded lower NBTP growth (Figs. 4 & 6) . This trend ended during the post-bloom maximum experiments (8 and 14 July), when both NBTP and A. anophagefferens growth were augmented by N-additions (Fig. 8A,B) . These results could have important implications with regard to the nutrient and microbial dynamics of brown tide blooms in Long Island embayments as discussed in the following sections.
Nitrogen
It has been proposed that inorganic N inputs can repress the formation of brown tides (Keller & Rice 1989 , LaRoche et al. 1997 , while organic N inputs stimulate them (LaRoche et al. 1997) , and that urea is the organic N compound most important for sustaining Aureococcus anophagefferens blooms (Berg et al. 1997) . The decrease in relative abundance of A. anophagefferens among phytoplankton in our N-addition treatments when ambient nitrate levels were relatively high (average > 7 µM; 31 May, 4, 8, 12, 22 June) supports the hypothesis that eutrophic conditions (>10 µM labile N) do not favor the initiation of monospecific brown tides (Keller & Rice 1989 , Nixon et al. 1994 , LaRoche et al. 1997 ). In addition, the only instance in which N increased the relative abundance of A. anophagefferens among phytoplankton, it was caused by urea and not nitrate (14 July; Fig. 9B ). However, the response of A. anophagefferens in the remainder of our N-addition treatments was somewhat unexpected for 2 reasons. First, with the exception of the 14 July experiment, A. anophagefferens responded identically to nitrate (inorganic N) and urea (organic N) additions in all experiments (Figs. 4, 6 & 8) . Second, although DON has been thought to explain brown tide bloom initiation on Long Island (LaRoche et al. 1997) , DON additions of urea decreased or had no measurable effect on the relative abundance of A. anophagefferens among phytoplankton in any experiment, except that on 14 July (Figs. 5, 7 & 9) .
These results open important new perspectives with regard to N and brown tides on Long Island. Aureococcus anophagefferens can grow efficiently on urea in culture (Dzurica et al. 1989) , and it has been reported that most of the N assimilated by blooms is from urea (Berg et al. 1997) . However, the failure of urea additions to increase the relative abundance of A. anophagefferens among phytoplankton in 9 of 10 experiments (Figs. 5, 7 & 9) indicates that it may be a poor proxy for the DON that actually initiates brown tides (Gobler 1999) . Most algal species can take up urea and have uptake rates comparable with those of A. anophagefferens (Carpenter et al. 1972 , Antia et al. 1975 , Dzurica et al. 1989 , Lomas et al. 1996 . Results presented by Berg et al. (1997) indicating the preference of brown tides for urea were derived from experiments conducted at Shinnecock Bay, Long Island, over 3 d in which A. anophagefferens was already established as the dominant alga. Since our results demonstrate that the nutrient which influences brown tide growth can change over the course of a bloom, Berg et al.'s results were probably not representative of conditions that lead to bloom initiation. Furthermore, there may be substantial differences in N sources, and thus brown tide nutrient-limitation, between Shinnecock and WNB. WNB is an inland bay which has a copious supply of nitrate-rich groundwater inputs (Gobler 1999) , while Shinnecock is an open bay which exchanges with the more oligotrophic Atlantic Ocean (Berg et al. 1997) .
The results presented here suggest that if N inputs contribute to monospecific brown tides, they would differ from the types of N-additions used in our experiments, which consistently failed to increase the dominance of Aureococcus anophagefferens among phytoplankton (Figs. 5, 7 & 9) . While 10 µM urea (Carpenter et al. 1991 ) and nitrate (this study) can be found on occasion in bays which host brown tides, typical ambient concentrations during blooms for each of these compounds are < 0.5 µM (Gobler 1999) . It is possible that a steady input of N at lower concentrations would be more favorable for a monospecific brown tide bloom than a single 10 µM addition, particularly since small cells such as A. anophagefferens can have their N uptake kinetics saturated at moderate N concentrations (Eppley et al. 1969 , Lomas et al. 1996 . Alternatively, inputs of organic N compounds more enriched in carbon than urea, such as amino acids or amino sugars, may be more likely to lead to a monospecific brown tide, since organic carbon additions consistently increased the relative abundance of A. anophagefferens among phytoplankton. It is also possible that the brown tide's mode of gaining dominance is simply to grow slowly using DON sources which are more refractory and thus less available to other algal species.
The change in the type of N which yielded maximal growth rates of NBTP during our experiments was probably a function of ambient conditions found in WNB. During the pre-bloom-maximum experiments, when NBTP growth rates on nitrate were significantly greater than for other treatments, including urea ( Fig. 4A-D) , there were elevated levels of nitrate in WNB (Fig. 3A) . With copious amounts of nitrate present, the algal community was probably well adapted to efficiently utilize high ambient levels, and less capable of metabolizing urea (Glibert et al. 1995) .
During bloom-maximum experiments (26 June, 3 July), urea yielded NBTP growth rates significantly greater than in all other treatments, including nitrate additions (Fig. 6A) . These experiments were toward the end of a mixed algal bloom at WNB, when nitrate levels were decreasing to < 0.5 µM (Fig. 2A) . Hence, cells present at this time were likely to be adapted to efficiently utilize regenerated N sources, such as urea (Glibert et al. 1995) , which was probably being produced at a high rate during the bloom maximum (Turley 1985 , Cho et al. 1996 . Urea additions failed to enhance NBTP growth significantly more than nitrate during 2 of 3 post-bloom-peak experiments (Fig. 8) . This result may indicate a preference of resident phytoplankton for other types of recycled N (ammonium, amino acids, DON, Glibert 1982 1993 , Bronk et al. 1994 , which are also generated at elevated rates after peaks in algal density (Bidigare 1983 , Glibert 1993 .
Urea additions also stimulated bacterial growth rates above unamended controls during the bloom-maximum experiments (26 June and 3 July; Fig. 6 ). This was somewhat unexpected, since bacteria are typically seen as net producers of urea and not consumers (Turley 1985 , Cho et al. 1996 . While some culture work has shown that urea can contribute significantly to bacterial N demand (Cho 1988) , it is possible that bacterial growth enhancement was not due to direct utilization, but instead was a function of phytoplankton exudation of DOC. The experiments in which urea caused enhancement of bacterial growth rates were also the only incubations in which urea increased phytoplankton growth significantly more than any other treatment, including nitrate additions (Fig. 6 ). Since glucose (DOC) additions also stimulated bacterial growth in these experiments, the observed enhancement of bacterial growth in the urea incubations could have been a function of actively growing phytoplankton leaking labile DOC, which was then utilized by bacteria (Billen & Fontigny 1987 , Blight et al. 1995 , Sanders & Purdie 1998 .
Dissolved organic carbon
In contrast to N-additions, DOC additions of glucose consistently resulted in a significant increase in the relative abundance of Aureococcus anophagefferens among phytoplankton (Figs. 5, 7 & 9) . The most dramatic impact of the glucose additions was observed during the 26 June experiment, when A. anophagefferens abundance increased from 31 to 97% of algal biomass (Fig. 7A) . That increase paralleled the monospecfic brown tide bloom which occurred the same week in WNB (Fig. 2) .
Bacterial heterotrophy is traditionally considered a major removal process for labile DOC in marine environments, which can regenerate N (Wright & Hobbie 1966 , Kirchman et al. 1991 , Amon & Benner 1994 . However, bacteria metabolizing a high C:N substrate (>10), such as glucose, become a sink, not a source, for N; and thus become competitors with phytoplankton for DIN (Goldman et al. 1987 , Kirchman et al. 1990 , Goldman & Dennett 1991 . Therefore, it is probable that increases in brown tide growth were due to direct carbon uptake and not N remineralization by bacteria. The failure of N to stimulate Aureococcus anophagefferens growth in 3 out of 5 of the experiments in which DOC enhanced growth (Fig. 4) also suggests that remineralized N was not responsible for augmenting brown tide growth during glucose additions. While laboratory studies have demonstrated heterotrophic C assimilation by several phytoplankton species, including A. anophagefferens (Droop 1974 , Neilson & Lewin 1974 , Dzurica et al. 1989 , Lewitus & Caron 1991 , Lewitus & Kana 1995 , these experiments are the first field examples of DOC additions stimulating the growth of brown tides, or, to our knowledge, any harmful algal bloom species. In phytoplankton, cellular polysaccharides serve as a C buffer system; they are built up during photosynthesis and broken down at night for energy and protein synthesis (Mague et al. 1980 , Cuhel et al. 1984 . This ability to build internal polysaccharide pools with both photosynthesis and heterotrophic uptake of C would reduce net respiration losses by A. anophagefferens, and possibly enhance growth.
The role of DOC in the growth of Aureococcus anophagefferens may also be a function of the ambient light levels, as algal heterotrophy often increases under reduced light conditions (Droop 1974 , Neilson & Lewin 1974 , Lewitus & Caron 1991 , Lewitus & Kana 1995 . Previous work has hypothesized that light limits productivity in Long Island's Peconic (Bruno et al. 1983 ) and Great South (Lively et al. 1983 ) Bays, which now host sporadic A. anophagefferens blooms (Bricelj & Lonsdale 1997) . During experiments in which DOC enhanced brown tide growth, the 1% light depth at WNB was 3-fold shallower than spring conditions (> 6 m in mid-May to < 2 m in June; Gobler 1999). Furthermore, the light used in our experiments was equal to levels found at 1.4 m in WNB (see 'Methods'), and below irradiances yielding maximal photosynthesis in A. anophagefferens (Milligan & Cosper 1997) . Hence, heterotrophic C uptake during the experiments could have enhanced A. anophagefferens net C acquisition by A. anophagefferens, and probably yielded a competitive advantage over strictly autotrophic species.
The simultaneous increase in bacterial growth rates and decrease in phytoplankton growth rates observed during glucose additions (Figs. 5, 7 & 9) has been observed previously (Parker et al. 1975 , Spies et al. 1983 , Miller et al. 1997 ). This phe-nomenon could be due to competition for inorganic N sources between phytoplankton and bacteria. Estuarine bacteria normally obtain most of their cellular N from amino acids (Billen & Fontigny 1987 , Coffin 1989 and can make N available to phytoplankton through remineralization of such organics when substrate C:N is <10 (Goldman et al. 1987) . However, when presented with a labile substrate with a high C:N ratio (>10) such as glucose, bacteria consume ammonium (Goldman et al. 1987 , Kirchman et al. 1990 , Goldman & Dennett 1991 , Shiah & Ducklow 1995 , Miller et al. 1997 , and/or nitrate (Parker et al. 1975 , Spies et al. 1983 ) instead of amino acids (Kirchman et al. 1990 , Goldman & Dennett 1991 , Sanders & Purdie 1998 . Since Aureococcus anophagefferens is capable of utilizing amino acids (Dzurica et al. 1989 , Berg et al. 1997 , Mulholland et al. 1998 ), a switch to DIN utilization by bacteria during glucose additions would reduce competition for amino acids between bacteria and A. anophagefferens, and thus could account for increased A. anophagefferens growth. Alternatively, NBTP experiencing negative growth rates in glucose treatments may be leaking organic N which could be utilized by A. anophagefferens (Bronk et al. 1994 , Nguyen & Harvey 1997 . Whether it be due to the elimination of non-A. anophagefferens phytoplankton, the increased availability of the amino acid pool, DON leaked from non-A. anophagefferens phytoplankton, or a combination of these events, DOCenhanced bacterial growth rates may help create a niche for monospecific brown tides.
The release of carbohydrates is a common phenomenon among phytoplankton, which occurs during stationary and exponential phase growth (Mague et al. 1980 , Myklestad et al. 1989 , Kepkay et al. 1993 , Biddanda & Benner 1997 , nutrient limitation (Ittekkot et al. 1981), and grazing (Williams 1975) . Glucose is the most abundant monosaccharide carbohydrate in seawater (Mopper et al. 1980) , and is the most abundant aldose in phytoplankton (Biersmith & Benner 1998) . The primary source of glucose in marine systems is phytoplankton (Hanson & Snyder 1980 , Ittekkot et al. 1981 , Griffiths et al. 1982 , Rich et al. 1996 . Therefore, the use of glucose treatments in these experiments represented a proxy for the natural release of phytoplankton-derived, labile DOC. The stimulation of Aureococcus anophagefferens growth and relative abundance by glucose additions suggests this is an enrichment process which could contribute to monospecific brown tides on Long Island. This enrichment process is also consistent with field observations of brown tide blooms at WNB which can begin as mixed assemblage blooms and become monospecific as non-A. anophagefferens phytoplankton die ( Fig. 2A ) and leak DOC (Fig. 3A) .
Iron
While Fe has previously been cited as an important growth factor for brown tide blooms (Milligan 1992 , Cosper et al. 1993 , Gobler & Cosper 1996 , Fe additions failed to measurably stimulate the growth of the brown tide in any of our experiments (Figs. 4, 6 & 8) . This may be due, in part, to the relatively high Fe levels within WNB (Fig. 3C) . A comparison of dissolved Fe concentrations in the Peconic Estuary has shown that WNB has the highest dissolved Fe levels in this system (Gobler & Sañudo-Wilhelmy unpubl. obs.) . Furthermore, mean dissolved Fe levels present during our experiments were generally above concentrations known to limit Aureococcus anophagefferens growth (<100 nM, Boyer et al. 1999) . Hence, if A. anophagefferens were to experience Fe limitation, it would probably not be in WNB. This conclusion is consistent with the results of Cosper et al. (1993) , who demonstrated that growth of A. anophagefferens was augmented with iron additions in experiments at Quantuck Bay, Long Island, but not at WNB.
During our 26 June experiment, Fe additions repressed NBTP growth and thus increased the relative abundance of A. anophagefferens among the algal community from 33 to > 70% (Fig. 7A ). Since Fe pulses are known to precede monospecific brown tides (Gobler & Cosper 1996, Gobler & Sañudo-Wilhelmy unpubl. obs.) , such inputs could be contributing toward A. anophagefferens dominance by eliminating competing phytoplankton. Saturating Fe levels could prevent selected algal species from assimilating other essential trace elements (Sunda 1994 , Sunda & Huntsman 1995 , Magdalena Santana-Cosicno et al. 1997 . Alternatively, if additions Fe co-preciptated orthophosphate out of solution (Stumm & Morgan 1981) it would have deprived autotrophic phytoplankton of P, but would have allowed A. anophagefferens to proliferate, since it can use organic P (Dzurica et al. 1989) .
Brown tide-bacterial dynamics
Since Aureococcus anophagefferens and heterotrophic bacteria may use similar resources (organic nutrients; Dzurica et al. 1989 , Kirchman et al. 1994 and may be consumed by similar predators (heterotrophic protozoans; Sherr et al. 1986 , Caron et al. 1989 , Lonsdale et al. 1996 , Mehran 1996 , it is possible that the success of one of these populations will be at the cost of the other. While the results presented here do not provide an absolute characterization of this interaction, some preliminary conclusions can be drawn based on the observed growth responses of each population.
Considering the growth rates of these 2 populations, brown tide control treatments experienced positive net growth rates during 7 of our 10 experiments, and averaged 0.4 doublings d -1 , whereas bacterial controls demonstrated positive growth in only 3 of 10 experiment, and averaged 0.05 doublings d -1 (Figs. 4, 6 & 8) . These results suggest that heterotrophic bacteria were either growing more slowly or were under greater biological removal pressure than Aureococcus anophagefferens (e.g. grazing, viral lysis). Furthermore, during the peak of the brown tide at WNB in 1998 (26 June to 3 July; Fig. 2A ), there was a significant decrease in the abundance of heterotrophic bacteria. This decrease occurred despite an increase in bacterial stimulating factors, including chl a, and DOC ( Figs. 2A & 3B ; Cole et al. 1982) . If the observed decrease in bacterial abundance was a result of protozoan grazing (Sherr et al. 1986 ), A. anophagefferens may have benefited by reduced competition for organic nutrients with bacteria and/or decreased grazing pressure from protozoan and/or regeneration of organic nutrients (Bidigare 1983 , Nagata & Kirchman 1992 . Despite some differences in the growth response of heterotrophic bacteria and A. anophagefferens in WNB and in control treatments, these 2 populations did react similarly to glucose additions in 6 experiments (8, 12, 22, 26 June, and 3 and 14 July; Figs. 4, 6 & 8) . Since glucose additions were large (100 µM) compared to ambient DOC levels (average = 250 µM), it is possible that bacteria and A. anophagefferens compete for labile DOC during brown tide events.
While the stimulation of bacterial growth by the addition of organic substrates is a common observation in estuarine environments (Goldman et al. 1987 , Kirchman et al. 1990 , Shiah & Ducklow 1995 , Miller et al. 1997 , this response was absent in our final 2 experiments (14 and 21 July; Fig. 8B,C) . Ambient DOC concentrations (mean ± SD) in WNB during these experiments (300 ± 13 µM; Fig. 3A) were significantly greater than in experiments when glucose caused enhancement of bacterial growth rates (253 ± 15 µM; Fig. 3A ; p < 0.05; t-test). This suggests that ambient concentrations may have been sufficient to support maximal bacterial growth rates. It is of interest that Aureococcus anophagefferens densities were simultaneously reduced to <10 4 cells ml -1 in all treatments of our final experiment (Fig. 8C) as well as in WNB during the same week ( Fig. 2A) . Such a rapid decrease in brown tide abundance is indicative of viral lysis of a bloom (Milligan & Cosper 1994 , Gobler et al. 1997 . It is also consistent with results of previous experiments which have demonstrated that viral lysis of A. anophagefferens results in a direct trophic transfer of C to bacteria (Gobler et al. 1997) . If bacteria were presented with such a labile C supply, one would not expect further DOC (glucose) additions to enhance bacterial growth (Fig. 8C) . The suggested trophic transfer of cellular material from A. anophagefferens to bacteria is supported by the observation of maximal bacteria densities at the end of this final experiment (> 8 × 10 6 cells ml -1 , Fig. 2A ).
Implications for brown tides on Long Island
To extrapolate the results presented here to brown tides in other Long Island embayments, it is important to consider the ambient nutrient conditions in WNB during our experiments. Nitrate concentrations in WNB during our pre-bloom-maximum experiments were markedly higher than normal (average = 7 µM vs 1997 average = 0.2 µM) due to unusually high groundwater flow at this time (Gobler 1999) . Since these conditions may be similar in Great South Bay (GSB), which is known to have seasonally elevated groundwater flow and inorganic nutrients (Bokuniewicz 1980 , Carpenter et al. 1991 , organic carbon additions may also stimulate brown tides in GSB. Conversely, the low ambient nitrate found during our July experiments is probably more typical of the rest of the Peconic Estuary, which usually has low DIN levels (<1 µM; SCDHS 1985 SCDHS -1998 . Since N limited the brown tide's growth during this low DIN period at WNB, it is possible that N is also commonly limiting Aureococcus anophagefferens blooms in the Peconics.
Nitrogen is the most common limiting element for phytoplankton in coastal marine ecosystems (Ryther & Dunstan 1971 , Nixon & Pilson 1983 . Whether N is limiting phytoplankton production in estuaries that are currently plagued by brown tide blooms has been debated for many years. Work by Ryther & Dunstan (1971) in Great South Bay (GSB) cited sub-Redfield N:P (< 4.0) and significantly enhanced growth of phytoplankton with N-additions as evidence of N-limitation. However, nutrient and productivity studies by Kaufman et al. (1983) concluded that 'phytoplankton are probably never N-limited' in GSB. Bruno et al. (1983) concluded that primary productivity in the Peconic Estuary, where WNB is located, is light-and temperature-limited, and that N concentrations do not affect primary productivity.
Those findings starkly contrast with the results presented here, which demonstrate that even during elevated nitrate conditions, the short-term (2 d) growth rates of the total phytoplankton community are augmented by N-additions. Observations of low DIN:DIP ratios (2.1) across the Peconics from 1996 to 1997 also support the contention of N limitation in this estuary (Gobler 1999) , perhaps due in part to the rapid regeneration of P (Nixon & Pilson 1983 , Smith 1984 . If our results are representative of the Peconic Estuary, they suggest that ambient N supply has decreased or changed since earlier studies (Bruno et al. 1983 
